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Abstract: Plasma membrane carboxypeptidase-D (CPD) hydrolyzes C-terminal arginine (Arg) from extracellular sub-
strates, and Arg is converted into nitric oxide (NO) in the cell. CPD is upregulated by prolactin (PRL) and androgens 
in breast cancer (BCa) cells, increasing NO production to promote cell survival. EDD E3 ubiquitin ligase, upregulated 
by PRL/androgens, is implicated in TORC1 signaling. This study investigated CPD and EDD in triple-negative (TNBC) 
and HER2+ BCa. Kaplan-Meier analysis showed a negative correlation between CPD or EDD mRNA expression in 
TNBC patients and relapse-free survival. Immunohistochemistry showed that benign and malignant breast tissues 
stained abundantly for the PRL receptor (PRLR) and androgen receptor (AR). CPD and EDD staining were elevated 
in TNBC and HER2+ tumors as compared to benign tissues. In TNBC/HER2+ cell lines, CPD and EDD protein ex-
pression were upregulated by PRL or synthetic androgen methyltrienolone (R1881) at 3-6 h. PRL/R1881-induced 
CPD in TNBC and HER2+ cells increased intracellular NO production, which was abolished by PRLR antagonist 
∆1-9-G129R-hPRL and AR antagonist flutamide. In turn, treatment with NO increased viability and decreased apop-
tosis in Arg-deprived TNBC cells. Cell viability and apoptosis were also affected in HER2+ cells with CPD knockdown. 
Lastly, EDD knockdown decreased PRL/R1881-induced phosphorylation of initiation factor 4E binding protein-1 
and decreased 4E release in TNBC cells. In summary, PRL/R1881-induced CPD promotes TNBC/HER2+ cell sur-
vival through production of NO, and EDD promotes TNBC cell survival by TORC1 activation. This study implicates 
CPD and EDD as useful therapeutic targets for TNBC/HER2+ tumors, and suggests that PRLR and AR blockade are 
also beneficial to these patients.
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Introduction

Breast cancer (BCa) is classified into four main 
molecular subtypes, namely, luminal-A, lumi-
nal-B, HER2+ and triple-negative (TNBC), that 
are used to determine the choice of therapy. 
The luminal-A subtype, representing 50-60% of 
all BCa, is characterized by high expression of 
the estrogen receptor (ER) and/or progesterone 
receptor (PR) but negative expression of human 
epidermal growth factor receptor-2 (HER2), and 
low levels of proliferation marker Ki-67 [1, 2]. 
Luminal-A BCa patients have a good prognosis 
with a low relapse rate as compared to other 
BCa subtypes. The luminal-B subtype (15-20% 
of BCa) is ER+, PR+/-, HER2+/-, has high levels 
of Ki-67 [2], a more aggressive phenotype, and 

worse patient prognosis than luminal-A [3, 4]. 
The HER2+ subtype (15-20% of BCa) can be 
ER+, albeit at lower levels [2], is aggressive, 
highly proliferative, and patients have a poor 
prognosis if not treated [2]. Finally, the TNBC 
subtype (8-20% of BCa) is ER-, PR-, HER2-, has 
high mortality rates due to high cell prolifera-
tion rates, copy number imbalances and, in 
most cases, mutations in the TP53 gene [5-8]. 
TNBC can be further sub-classified as basal-
like or claudin-low, both are highly aggressive, 
highly metastatic to the brain and lung, and 
patients have poor prognosis [2, 7, 9-11].

The main treatment modalities for BCa are sur-
gery, radiation, endocrine, chemo, and targeted 
therapies. ER+ luminal-A/-B tumors are treated 
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by endocrine therapy, e.g., with tamoxifen, and 
sometimes combined with systemic chemo-
therapy [12]. HER2-enriched BCa are subjected 
to anti-HER2 targeted therapy, e.g., with trastu-
zumab, coupled with chemotherapy [13]. For 
the TNBC subtype, chemotherapy regimens are 
recommended, and although initially effective, 
resistance to chemotherapeutic drugs often 
occurs in recurrent tumors. Therefore, despite 
advances made in the treatment of BCa, it is 
desirable to identify additional molecular tar-
gets that contribute to their high histological 
grade, poor differentiation, and aggressive-
ness. These may include the androgen receptor 
(AR) and prolactin receptor (PRLR), which are 
expressed in some TNBC tumors [11, 14-17]. 
AR+ TNBC respond to androgens for cell growth 
and patients benefit from AR-targeted thera-
pies [11, 14-16]. In contrast, expression of 
PRLR in TNBC is reported to promote pro-differ-
entiation pathways and better patient survival 
outcomes [17].

In our study of hormone-responsive genes, we 
reported that androgens and prolactin (PRL) 
activate pro-survival pathways involving metal-
loproteinase carboxypeptidase-D (CPD) [18-21] 
and EDD E3 ubiquitin ligase (UBR5) [22-24] in 
BCa cells. CPD, located in the plasma mem-
brane, cleaves C-terminal arginine (Arg) from 
extracellular substrates, and Arg is taken into 
cells to produce nitric oxide (NO) [25, 26]. CPD 
gene expression is upregulated by PRL, 17β- 
estradiol, and androgens, and activation of the 
CPD-Arg-NO pathway increases viability and 
decreases apoptosis of human luminal-A BCa 
cell lines in vitro [19]. Immunohistochemical 
analysis of human breast tissues has shown 
progressive increases in CPD, nitrotyrosine 
(indicating NO-nitrosylated tyrosine residues in 
tissues), Ki-67, and BCa progression marker 
Cullin-3, from low levels in benign tissues to 
high levels in ductal carcinoma in situ, low-
grade, and high-grade BCa [21], supporting a 
pro-survival CPD-Arg-NO pathway in vivo.

EDD (E3 isolated by differential display) or 
UBR5 was first reported as a progestin-induc-
ible gene in human T47D BCa cells [27, 28]. 
EDD is the mammalian ortholog of the Dro- 
sophila hyperplastic discs gene that controls 
cell proliferation during development [29]. 
Human EDD is ubiquitously expressed and its 
elevated level in some solid tumors implies a 

role in tumorigenesis [30, 31]. EDD is recog-
nized as a key regulator of various cellular pro-
cesses in cancer, including gene expression, 
genome integrity, and chemo-resistance [32]. 
Through yeast 2-hybrid analysis, we identified 
EDD as a novel protein partner of the TORC1-
associated protein complex comprising α4- 
phosphoprotein and the catalytic subunit of 
protein phosphatase 2A (PP2Ac) [22]. The 
α4-PP2Ac complex regulates TORC1 phosphor-
ylation of ribosomal S6 kinase and eukaryotic 
initiation factor 4E (eIF4E)-binding protein 1 
(4EBP1), leading to the initiation of protein 
translation, cell-cycle progression, and cell pro-
liferation [33-36]. We showed that PP2Ac, poly-
ubiquitinated by EDD, undergoes proteasomal 
degradation, and EDD upregulation by proges-
terone and PRL in human luminal-A MCF-7 and 
T47D cell lines is accompanied by a decrease in 
PP2Ac levels [23]. We also reported that knock-
down of EDD gene expression decreases both 
PRL-induced phosphorylation of 4EBP1 and the 
release of eIF4E, events that inhibit protein 
translation and cell cycle progression [24]. 

The present study investigated the biological 
significance of CPD and EDD in TNBC and 
HER2+ subtypes specifically. In vivo studies in- 
volved immunohistochemical analysis of archi-
val formaldehyde-fixed, paraffin-embedded 
(FFPE) human benign and malignant breast tis-
sues, and Kaplan Meier-plot analysis of CPD 
and EDD mRNA expression in TNBC patients. 
The effects of CPD and EDD gene knockdown 
were determined using TNBC and HER2+ cell 
lines in vitro.

Materials and methods

Antibodies and reagents

Rabbit anti-CPD antibody, raised to synthetic 
(HRLRQHHDEYEDEIR) 8-multiantigen peptide, 
was custom-made and affinity-purified, as pre-
viously described [18]. Primary antibodies used 
(and sources) were: rabbit anti-PRLR polyclonal 
antibody H-300 (Cat. #sc-20992) or its replace-
ment mouse anti-PRLR monoclonal antibody 
D-7 (Cat. #sc-377098), both raised against 
amino acids 323-622 at the hPRLR C-terminus, 
and mouse anti-EDD (Cat. #sc-515494) (all 
from Santa Cruz Biotechnology, Santa Cruz, 
CA); rabbit anti-androgen receptor (AR) (Cat#. 
ab74272) recognizing the N-terminus, and anti-
phospho-Stat5a (Y694) clone E208 (Cat. 
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#ab32364) (Abcam Inc., Toronto, ON, Canada); 
rabbit anti-nitrotyrosine (Cat. #06-284) which 
detected all nitrosylated proteins (Millipore 
Corp., Temecula, CA); rabbit anti-4EBP1 (Cat. 
#9452) which detected total 4EBP1, indepen-
dent of phosphorylation, and rabbit anti-eIF4E 
(Cat. #9742) (Cell Signaling Technology, Dan- 
vers, MA). Anti-CPD, EDD, PRLR (H-300), AR, 
phospho-Stat5a, and nitrotyrosine antibody 
specificities have been determined in our stud-
ies [21, 24, 37, 38]. Anti-PRLR (H-300) has also 
been validated by others [17, 39-45]. Rabbit 
anti-β-actin (1:20,000), secondary antibodies 
goat anti-rabbit IgG (1:5000) and goat anti-
mouse IgG (1:5000) horse radish peroxidase 
(HRP) conjugates were from Sigma-Aldrich 
(Oakville, ON, Canada).

Other reagents include AR antagonist flutamide 
and recombinant human PRL (both from Sigma-
Aldrich Canada), and synthetic androgen meth-
yltrienolone (R1881) (GE Healthcare, Chicago, 
IL). PRL receptor antagonist ∆1-9-G129R-hPRL 
was a generous gift from Dr. Vincent Goffin 
(Inserm, France). 

Kaplan-Meier survival analysis 

Online database (http://kmplot.com/analysis/) 
was used to determine the clinical relevance of 
CPD or EDD mRNA expressions to relapse-free 
survival of TNBC patients. Survival hazard ratio, 
95% confidence intervals, and the log rank P 
were calculated and displayed on the respec-
tive webpages.

Tissue collection

Anatomical pathology electronic files (Cerner 
Millenium) for the Queen Elizabeth II Health 
Sciences Centre, Nova Scotia Health Authority 
were retrospectively searched for a cohort of 
invasive breast carcinomas beginning January 
1, 2011, as previously described [21]. For this 
study, FFPE breast tissues were used with 
approval from the QEII Research Ethics Board, 
and Materials Transfer and Collaboration 
Agreement between the Nova Scotia Health 
Authority, Central Zone, and Dalhousie Uni- 
versity. A total of 52 cases of invasive BCa were 
analyzed, along with 36 matched benign breast 
tissues. The invasive BCa samples included 23 
from TNBC patients and 15 from HER2+ BCa 
patients.

Immunohistochemistry (IHC)

FFPE sections (5 mm) were deparaffinized, 
rehydrated and immunostained for AR, PRLR, 
phospho-Stat5, CPD, nitrotyrosine, or EDD 
using the following staining systems: for AR, 
PRLR, phospho-Stat5 and CPD, UltraTek HRP 
Anti-Polyvalent Ready-To-Use Staining Kit 
(ScyTek Laboratories, Logan, Utah); for EDD, 
iDetect Super Stain System (Empire Genomics, 
Williamsville, NY); following the manufacturers’ 
instructions. Immunostainings for EDD, AR, 
nitrotyrosine and phospho-Stat5 were improved 
using antigen target retrieval for 20-30 min in 
96°C citrate buffer (Dako Target Retrieval Solu- 
tion), as previously described [24]. Immunos- 
taining was analyzed by computerized image 
analysis of 4-7 fields per slide using ImageJ64 
(NIH), as previously described [38]. All slides 
were evaluated by one person (LT) to ensure 
consistency.

Cell culture

Human BCa cell lines were maintained as fol-
lows: MCF-7 (luminal-A) cells in high-glucose 
Dulbecco’s Modified Eagle’s Medium (DMEM) 
containing 10% heat-inactivated fetal bovine 
serum (FBS), 2 mM L-glutamine, 1X non-essen-
tial amino acids, 1 mM sodium pyruvate and 1X 
penicillin-streptomycin; MDA-MB-231 (TNBC) 
and SKBR3 (HER2-enriched) cells in high-glu-
cose DMEM containing 10% heat-inactivated 
FBS, 2 mM glutamine, 5 mM 4-(2-hydroxyethyl)-
1-piperazineethane sulfuric acid (HEPES)  
and 1X penicillin-streptomycin; MDA-MB-468 
(TNBC) cells in high-glucose DMEM containing 
10% heat-inactivated FBS, 2 mM glutamine 
and 1X penicillin-streptomycin. Before hormone 
treatment, cells were made quiescent for 24 h 
in phenol red-free DMEM containing 1% char-
coal-stripped heat-inactivated FBS and all addi-
tives in the maintenance medium.

Preparation of total cell lysates

Cells were harvested in RIPA lysis buffer con-
taining 100:1 (v/v) of protease inhibitor cocktail 
P8340 (Sigma-Aldrich), 1 mM sodium orthovan-
adate and 1 mM phenylmethylsulphonyl fluo-
ride, and homogenized through 21-gauge nee-
dles. The 13,000 rpm supernatant was coll- 
ected as previously described [20] and used 
immediately or frozen at -30°C until further 
analysis.
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Transfection of siRNA 

Silencer® Select Negative Control siRNA #1 and 
#2, pre-designed UBR5 Silencer® Select siRNA 
targeting hEDD (ID #s28025: siEDD) or hCPD 
(ID #103996: siCPD1, ID #103997: siCPD2) 
(ThermoFisher Scientific, Burlington, ON, Can- 
ada) were previously described [19, 23]. Cells 
were plated in complete medium at 3-5 × 105 
cells/well in 6-well plates for 24 h, then trans-
fected with 40 pmol of siRNA (siCPD or siEDD) 
or non-targeting siRNA (siNT) as negative con-
trol, using RNAiMAXTM (Life Technologies) fol-
lowing the manufacturer’s protocol. After 
24-120 h (Days 1-5), cells were processed for 
RT-PCR, immunoblotting, or flow cytometry.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA, extracted from cells using EZ-10 
DNAaway RNA mini-prep kits (BioBasic, Mark- 
ham, ON, Canada), was treated with DNase 1, 
reversed transcribed, and used (1 µg/reaction) 
for semi-quantitative PCR [19] or quantitative-
PCR (qPCR) using the Comparative Cycle 
Threshold (Ct) method [20], with β-actin as a 
control. The following forward and reverse prim-
er sets were used: Human CPD: 5’-ATG-GCA-
GGG-GTA-TAT-TAA-ATG-CCA-3’ and 5’-GGA-TAC-
CAG-CAA-CAA-AAC-GAA-TCT-3’ (576-bp product 
for semi-quantitative PCR) [19], and 5’-ACC-
AAT-TTG-GGA-CAG-AGC-AC-3’ and 5’-TTG-GGT-
AAC-AGC-TGG-GTT-CT-3’ (201 bp for qPCR) 
[20]. Human EDD: 5’-GAC-GCG-AGA-ACT-CTT-
GGA-AC-3’ and 5’-TTC-AAA-TGG-ATT-TGG-GGG-
TA-3’ (196 bp product; for qPCR) [24]; β-actin: 
5’-AAA-CTG-GAA-CGG-TGA-AGG-TG-3’ and 5’- 
AGA-GAA-GTG-GGG-TGG-CTT-TT-3’ (172 bp; for 
both semi-quantitative and qPCR) [20]. For 
semi-quantitative PCR, PCR cycle numbers and 
annealing temperatures were predetermined to 
ensure linear range of amplification: 30 cycles 
for CPD primers (0.5 μM) and 25 cycles for 
β-actin primers (0.5 μM), both at 54°C. For 
qPCR, the annealing temperatures were: EDD 
primers (1 μM) at 52°C and β-actin primers (0.5 
μM) at 54°C. PCR products were resolved in 
1.5% agarose gels containing 0.5 μg/ml ethid-
ium bromide and visualized using a Versadoc 
UV-transilluminator (Bio-Rad). Densitometry 
was performed using ImageLab™ (Bio-Rad) 
with β-actin as a control.

Trypan blue cell viability assay

Cells were detached using 0.25% trypsin-EDTA, 
then inactivated with an equal volume of growth 
medium before mixing with 0.4% trypan blue 
solution (1:1). Cells were counted using a TC20 
cell counter (Bio-Rad Laboratories, Montreal, 
QC, Canada).

DAF-2T analysis for intracellular NO

Cells were seeded at a density of 25,000-
50,000 cells/well onto Lab-Tek II CC2 glass 
4-chambered slides (ThermoFisher Scientific). 
After 24 h, the cells were made quiescent  
in Arg-free DMEM containing 2% charcoal-
stripped-FBS for 48 h. Quiescent cells were 
treated with PRL (20 ng/ml) and/or R1881 (10 
nM) for 2-3 h, and some were also pre-treated 
with Δ1-9-G129R-hPRL (40 ng/ml) and/or flu-
tamide (20 μM) 15 min prior to the addition of 
hormones. Cells were washed thrice with PBS 
and incubated with 4,5-diaminofluorescein 
diacetate (DAF2-DA; 10 μM; Abcam) for 30 min 
(for MDA-MB-231 and MDA-MB-468) or 60 min 
(for SKBR3). When taken into cells, non-fluores-
cent DAF-2DA is hydrolyzed by intracellular 
esterases to membrane-impermeable 4,5-dia- 
minofluorescein (DAF-2), which reacts with NO 
to produce fluorescent 4,5-diaminofluorescein 
triazole (DAF-2T). The cells were then washed 
with PBS, incubated with synthetic CPD sub-
strate furylacryloyl-alanyl-Arg (FAR, 4 mM; Ba- 
chem, Torrance, CA) for 30 min, washed once in 
PBS, then fixed onto the slides with 2% (w/v) 
paraformaldehyde in PBS for 3 min on ice. The 
chambers were removed and cover slips put  
on using glycerol-gelatin mounting medium 
(Sigma-Aldrich). Fluorescence was examined 
using a Zeiss Axiovert 200M inverted micro-
scope. Images were captured using a Hama- 
matsu Orca-R2 camera and analyzed using Cell 
Profiler™ image analysis software. Fluorescent 
SKBR3 cells were also counted using Adobe 
Photoshop and results confirmed using the Cell 
Profiler™ software.

Treatment with NO donor

MDA-MB-231 or MDA-MB-468 cells were se- 
eded in complete medium at a density of 
100,000 cells per well in 6-well plates. After 24 
h, the culture medium was changed to Arg-free 
medium containing 5% charcoal-stripped FBS. 
After another 24 h, the cells were treated with 
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increasing concentrations of synthetic NO 
donor (Z)-1-[N-(2[aminoethyl])-N-(2-ammonioe- 
thyl)amino]-diazen-1-ium-1,2-diolate (DETA-NO- 
NOate; Sigma-Aldrich Canada) and 3 days later, 
viable cells were counted.

Western analysis

Sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed 
with 10-20 µg protein/lane. After immunoblot-
ting, immunoreactive signals were detected 
using Clarity Western ECL Substrate (Bio-Rad). 
Densitometry was performed using ImageJ64 
(NIH, Bethesda, MD) with β-actin as a control.

Annexin V-staining for apoptosis

Annexin-V-FLUOS (FITC) staining (Roche Diagn- 
ostics, Mannheim, Germany) was performed 
following the manufacturer’s protocol. Briefly, 
both floating and adherent cells were collected, 
washed once with PBS, pelleted, and resus-
pended in 100 µL of incubation buffer contain-
ing Annexin V-FITC labeling reagent and propid-
ium iodide (PI). Cell samples were incubated in 
the dark at room temperature for 5-10 min and 
diluted with another 0.3 mL of incubation buf-
fer before flow cytometry at λexcitation 488 nm 
and detection at λemission 515 nm (Annexin V) 
and 600 nm (PI). Data was analyzed using FCS 
Express-3 DeNovo Software (Glendale, CA). The 
percentage of cell death was calculated from 
cells that stained positive for either Annexin 
V-FITC (early apoptosis) or Annexin V-FITC and 
PI (late apoptosis). 

CAP-binding assay

Cell lysates were prepared from cells transfect-
ed ± siNT1 or siEDD, and treated ± PRL (10 ng/
ml) or R1881 (10 nM) for 1 h, followed by CAP-
binding assays as previously described [24]. 
Briefly, immobilized γ-aminophenyl-m7GTP (C10-
spacer) agarose beads (Jena Biosciences, 
Germany) were pre-washed thrice with freshly-
prepared RIPA lysis buffer containing 100:1 
(v/v) of protease inhibitor cocktail P8340 
(Sigma-Aldrich), 1 mM sodium orthovanadate 
and 1 mM phenylmethylsulphonyl fluoride. 
Each cell lysate sample (100 µg protein) and 
pre-washed m7GTP-agarose beads (25 µl) were 
incubated together in a microfuge tube, gently 
agitated on a nutator at 4°C for 3 h, and the 
500 × g (1 min) supernatants were removed. 
The protein-bound m7GTP-agarose beads in 

each tube were washed thrice with 1 ml RIPA 
buffer, re-centrifuged at 500 × g, and the 
supernatants were removed. The protein-
bound m7GTP-agarose beads were boiled in 50 
μl of 1X SDS-PAGE buffer at 100°C for 15 min 
to elute m7GTP CAP-binding proteins. Eluted 
fractions and the corresponding whole cell 
lysates were resolved by SDS-PAGE and ana-
lyzed by Western blotting for eIF4E, 4EBP1, and 
β-actin.

Statistics

Statistical analyses were performed using 
GraphPad Prism. Results were expressed as 
mean ± SEM. ANOVA was used to compare 
mean values. P-values ≤ 0.05 were considered 
significant.

Results

High CPD and EDD mRNA expressions corre-
late with poor TNBC patient survival

We previously reported that BCa patients with 
high EDD mRNA expression had significantly 
lower probability of overall survival [24]. In the 
present study, Kaplan-Meier-Plot analyses 
(http://kmplot.com/analysis/), performed spe-
cifically on TNBC, showed that basal-like TNBC 
patients with high mRNA expression of CPD or 
EDD (Figure 1) had a significantly lower proba-
bility of relapse-free survival. 

IHC: AR, PRLR and phospho-Stat5 are abun-
dant in TNBC and HER2+ tumors

To study the biological significance of CPD and 
EDD in TNBC and HER2+ subtypes, the pres-
ence of AR and PRLR in these tumors were 
examined since both CPD and EDD are induced 
by androgens and PRL. Paraffin-embedded 
human breast tissues were used for IHC analy-
sis of AR and PRLR, and of phospho-Stat5, the 
primary PRLR signaling mediator. Comparisons 
were made among the following groups: high-
grade BCa regardless of receptor status (ER+/-, 
PR+/-, HER2+/-, including TNBC), TNBC, HER2+ 
BCa, and benign breast tissues. All TNBC and 
HER2+ tissues analyzed were high-grade BCa 
(or grade 3), except for one TNBC sample, which 
was a grade 2 malignancy (shown as a red dot 
in the IHC results).

IHC analysis showed the presence of AR and 
PRLR in TNBC and HER2+ tumors. Average AR 
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staining levels were high in benign and malig-
nant breast tissues (Figure 2A). Both nuclear 
and cytoplasmic AR staining were observed in 
all groups. Specifically, AR staining as a per-
centage of total area (mean ± SEM) was 
55.44±10.35, 44.96±5.39, 33.76±6.87 and 
58.85±11.95% in benign, total high-grade, 
TNBC and HER2+ tissues, respectively. Staining 
levels were variable in all tissue types and there 
were no significant differences among them. 
Importantly, Figure 2 showed that TNBC and 
HER2+ tumors, as well as corresponding benign 
tissues, express the AR, suggesting that they 
could respond to androgens and express AR- 
regulated signaling pathways leading to surviv-
al and/or growth of tumor cells, even in the 
absence of ER, PR and HER2+ signaling. This is 
less important in benign tissues, which do con-
tain these receptors, but may be critically 
important for growth of TNBC. The anti-AR anti-
body (Cat#. ab74272) is widely used for IHC 
immunostaining for AR in various tissues, 
including BCa and prostate cancer [46-51]. 
Others have reported AR expression in TNBC 
classified as the luminal AR-(LAR) subtype, [11, 
14-16]. LAR patients have decreased relapse-
free survival, likely due to local metastasis [11]. 
LAR cell lines have lower cell proliferation rates 
than other TNBC subtypes, resulting in partial 

chemo-resistance [52], but are particularly 
sensitive to AR antagonists bicalutamide and 
enzalutamide [11, 53, 54]. 

We have reported that PRLR immunostaining 
was abundant in benign breast tissues and in 
low-grade and high-grade BCa [21]. While the 
rabbit polyclonal PRLR antibody H-300 that we, 
and many others [17, 39-45], have used for 
PRLR IHC is no longer available commercially, 
its replacement, mouse monoclonal antibody 
clone D-7, was raised against the same epit-
ope. However, a comparison of the two anti-
PRLR antibodies using near adjacent sections 
of three different BCa specimens showed that 
D-7 gave positive staining in only one speci-
men, whereas H-300 was robustly positive in 
all three (Figure 3A). Therefore, we used phos-
pho-Stat5 to represent the activated PRLR. 
Phospho-Stat5 levels were variable but aver-
age staining was high, with both nuclear and 
cytoplasmic staining, in all groups (Figure 3B). 
As before [21], IHC analysis of near adjacent 
tissue sections showed that phospho-Stat5 co-
stained with PRLR (detected using H-300). 
Phospho-Stat5 staining, as a percentage of 
total area (mean ± SEM), was 37.36±5.91, 
46.51±3.33, 38.96±4.80 and 61.70±5.21% in 
benign, total high-grade, TNBC and HER2+ tis-
sues, respectively (Figure 3C). Staining in 

Figure 1. Kaplan-Meier Plots: prognostic value of CPD or EDD mRNA expression in TNBC patients. (A, B) KM plots 
were obtained from online database (http://kmplot.com/analysis/) to show the impact of CPD or EDD mRNA ex-
pression on relapse-free survival in TNBC patients. Survival curves for (A) CPD (Affymetrix ID: 201941_) in basal-
like patients (n=618) or (B) EDD (UBR5), Affymetrix ID: 208882_s_, in basal-like (high-grade 3) patients (n=293). 
Patient samples were bifurcated by the median into low (black) and high (red) expression groups for each gene. 
Survival hazard ratio, 95% confidence intervals, and log rank P were displayed on the webpage. P value of <0.05 
was considered statistically significant.
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HER2+ tissues was significantly higher than in 
benign and total high-grade tissues. Others 
have reported that PRLR in TNBC promotes 
pro-differentiation pathways that predict better 
patient survival outcomes [17]. Similarly, nucle-
ar localized, phospho-Stat5a that was detected 
in a high proportion (up to 75%) of BCa that 
were primarily ER+, but also HER2+ and TNBC, 
was associated with tumor differentiation and 
better patient survival [55-57].

CPD and EDD immunostaining are elevated in 
TNBC and HER2+ tumors

CPD staining was widely variable, but average 
levels were significantly higher in malignant 
than in benign breast tissues (Figure 4A). CPD 
staining was mainly cytoplasmic but also st- 
rongly pericellular, which is consistent with CPD 
localization in the trans-Golgi network and plas-
ma membrane, respectively. CPD staining, as a 

percentage of total area (mean ± SEM), was 
8.43±1.74, 39.54±4.27, 37.75±6.39 and 
53.93±9.37% in benign, total high-grade, TNBC 
and HER2+ tissues, respectively (Figure 4B). 
The one TNBC that was a grade 2 malignancy 
(red dot) had high CPD staining of 29.96%, 
despite its lower grade status. Staining in all 
cancer groups was significantly higher than in 
benign tissues. Furthermore, IHC analysis of 
adjacent sections showed that CPD and nitroty-
rosine staining often co-localized in TNBC and 
HER2+ tissues (Figure 4C). Tumor areas that 
stained strongly for CPD also stained strongly 
for nitrotyrosine, whereas other areas stained 
weakly for both CPD and nitrotyrosine. Co- 
staining of CPD and nitrotyrosines supports a 
role for CPD in NO production.

EDD staining levels were significantly higher in 
malignant than in benign breast tissues (Figure 
5A). EDD staining was mainly cytoplasmic, but 

Figure 2. IHC: AR staining is high in benign and malignant breast tissues. FFPE high-grade (HG; grade-3, regardless 
of receptor status), TNBC, HER2+ tumors or matched benign breast tissues were sectioned at 5 µm and used in IHC 
analysis for AR levels and distribution (see Materials and Methods). A. Representative AR staining in benign breast 
tissue, HG, TNBC and HER2+ tumors. B. Graph depicts AR staining area as a % of total area; mean ± SEM, along 
with individual data points. Red dot indicates a grade-2 TNBC sample. n = number of specimens for each group.
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Figure 3. PRLR and phospho-Stat5 stainings are high in benign and malignant breast tissues. A. Comparison of anti-
PRLR antibodies H-300 and D-7. Three different FFPE BCa tumors were cut and near-adjacent sections from each 
were immunostained for PRLR, using either rabbit polyclonal H-300 or its replacement mouse monoclonal clone 
D-7, each raised to the same epitope in the hPRLR (see Materials and Methods). B, C. As in Figure 2, FFPE breast 
tissues were used in IHC analysis for phospho-Stat5. Some near-adjacent sections were also stained for PRLR, us-
ing anti-PRLR H-300 antibody. B. Representative phospho-Stat5 and PRLR immunostaining as indicated. C. Graph 
depicts phospho-Stat5 staining as a % of total area; mean ± SEM. Red dot indicates a grade-2 TNBC sample. *, 
significantly higher (P<0.05) staining in HER2+ tissues than in benign. #, significantly higher (P<0.05) staining in 
HER2+ than in HG tissues.
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Figure 4. CPD staining is high in TNBC and HER2+ BCa. As in Figure 2, FFPE breast tissues were used in IHC analysis 
for CPD. A. Representative CPD staining as indicated. B. Graph depicts CPD staining area as a % of total area; mean 
± SEM. Red dot indicates a grade-2 TNBC sample. * significantly higher (P<0.05) staining in all BCa tissues than 
benign tissues. C. CPD co-localized with nitrotyrosine (NT) staining. Adjacent sections of FFPE high-grade TNBC and 
HER2+ tumors were immunostained for CPD or NT. Closed black arrows: areas with intense staining for both CPD 
and NT. Open black arrows: areas with weak staining for both.



CPD and EDD in TNBC and HER2+ breast cancer

1330 Am J Cancer Res 2020;10(5):1321-1343

nuclear staining was also present especially in 
malignant tissues. EDD staining, as a percent-
age of total area (mean ± SEM), increased from 
20.24±5.81 in benign tissues to 61.26±3.99, 
63.99±5.40 and 47.25±5.81 in total high-
grade, TNBC and HER2+ tissues, respectively. 
EDD staining was lower in HER2+ than in other 
malignant tissues but this was not statistically 
significant. The one TNBC sample that was a 
grade 2 malignancy (red dot) had high EDD 
staining of 66.81%, despite its lower grade 
status.

PRL and R1881 upregulate CPD and EDD in 
TNBC and HER2-enriched cell lines

In vitro studies were next performed to investi-
gate hormonal regulation of CPD and EDD gene 
expression in TNBC (MDA-MB-231, MDA-MB- 
468) and HER2-enriched (SKBR3) cell lines. 
The biological effects of CPD and EDD were 
examined, first to determine the effects of CPD 

and CPD-mediated production of NO on cell 
survival, and second, the effects of EDD on 
hormone-induced phosphorylation of TORC1 
signaling.

MDA-MB-231, MDA-MB-468, and SKBR3 cell 
lines express PRLR (long and short isoforms), 
AR, CPD and EDD, as shown by Western analy-
sis (Figure 6A). MDA-MB-231 cells have low, 
but detectable, levels of AR as compared to the 
other cell lines. Quiescent cells were treated 
with PRL or R1881 for 3 and 6 h. In MDA-
MB-231 cells, PRL and R1881 upregulated 
CPD protein levels by over 2-fold (Figure 6B), 
with a significant increase at 6 h with PRL 
(P<0.001) and at 3 h with R1881 (P<0.05). PRL 
and R1881 also upregulated EDD protein levels 
by about 4-fold in this cell line, with a significant 
increase at 6 h with PRL (P<0.01), and at 3 h 
and 6 h with R1881 (P<0.01 at both time 
points). 

Figure 5. EDD staining is high in TNBC and HER2+ BCa. As in Figure 2, FFPE breast tissues were used in IHC analy-
sis for EDD. A. Representative EDD staining as indicated. B. Graph depicts EDD staining levels as a % of total area; 
mean ± SEM. Red dot indicates a grade-2 TNBC sample. * significantly higher (P<0.05) staining in all BCa tissues 
than benign tissues.
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In MDA-MB-468 cells, CPD levels were in- 
creased significantly (P<0.5 or P<0.001) from 
3- to 4-fold by PRL or R1881 at 3 and 6 h. EDD 
protein levels were increased from 2 to 4-fold 
by each hormone (Figure 6C).

In SKBR3 cells, the hormonal effect was less 
pronounced. CPD protein levels were modestly 
increased with R1881 treatment at 3 h, where-
as PRL treatment had little effect (Figure 6D). 
EDD protein levels increased following PRL or 

Figure 6. PRL and R1881 upregulate CPD and EDD in TNBC and HER-2-enriched cell lines. (A) Western analysis of 
PRLR (long and short forms), AR, CPD and EDD in TNBC (MDA-MB-231, MDA-MB-468) and HER2-enriched (SKBR3) 
cell lines. (B) MDA-MB-231, (C) MDA-MB-468, and (D) SKBR3 cells were made quiescent in DMEM supplemented 
with 1% charcoal-stripped FBS (charcoal removed steroids and PRL). After 24 h, the cells were treated with PRL 
(10 ng/ml) or R1881 (10 nM) for 3 or 6 h. Cell lysates were subjected to Western analysis and representative blots 
are displayed. Graphs show EDD and CPD expression as mean ± SEM of at least three independent experiments. 
*P<0.05 ; **P<0.01 ; ***P<0.001, compared to 0 h control.
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R1881 treatment, with a significant increase 
(P<0.01) at 6 h with PRL. 

PRL/R1881 increase CPD-mediated NO pro-
duction in TNBC and HER2-enriched cells

MDA-MB-231, MDA-MB-468 and SKBR3 cells 
were used to further examine activation of the 
CPD-Arg-NO pathway and intracellular NO pro-
duction. MDA-MB-231 cells cultured in Arg-free 
medium displayed low or undetectable levels of 
intracellular NO (Figure 7A). The addition of syn-
thetic CPD substrate FAR in the culture medium 
slightly increased intracellular NO production, 
which was further enhanced by the addition of 
PRL or R1881 alone, or these hormones in 
combination. Figure 7B showed that NO pro-
duction increased by nearly 20-fold following 
FAR, PRL and R1881 treatment in combination, 
as compared to cells treated with FAR only. 

However, this production of NO was abolished 
by PRLR antagonist Δ1-9-G129R-hPRL and AR 
antagonist flutamide, indicating that PRLR and 
AR blockade inhibited CPD-mediated NO 
production. 

Similarly, PRL and/or R1881 treatment stimu-
lated NO production in MDA-MB-468 (Figure 
7C) and SKBR3 (Figure 7D) cells, by 3-4-fold 
and 5-8-fold, respectively. In each cell line, the 
hormone-induced production of NO was inhib-
ited by Δ1-9-G129R-hPRL and/or flutamide. 
Therefore, although R1881 and PRL had mod-
est or little effect on CPD expression in SKBR3 
cells (Figure 6D), each hormone significantly 
increased CPD-generated NO, indicating that 
the CPD-Arg-NO pathway was hormonally acti-
vated in these cells. Since this pathway influ-
ences cell survival, it was important to test the 
effect of CPD knockdown on cell viability and 
apoptosis.

Figure 7. PRL/R1881 increase CPD-mediated NO production in TNBC and HER2-enriched cells. Quiescent MDA-
MB-231 (A, B), MDA-MB468 (C), and SKBR3 (D) cells were cultured in Arg-free DMEM for 48 h. To the culture me-
dium was then added PRL (20 ng/ml), R1881 (10 nM) or PRL+R1881 in combination for 2-3 h. Some cells were 
pre-treated with the receptor antagonists ∆1-9-129R-hPRL (∆1-9; 40 ng/ml) and/or flutamide (Flu; 20 mM) 15 
min prior to adding hormones. Cells were then assayed for intracellular NO production using the DAF-2T assay (see 
Materials and Methods). (A) representative DIC and fluorescence microscopy images for MDA-MB-231 cells. (B-D) 
Intracellular DAF-2T fluorescence intensity was quantified using (B, C) CellProfiler or (D) manual counting of fluo-
rescent cells followed by confirmation with CellProfiler. Fluorescent image data was normalized to the FAR control. 
Mean ± SEM (n=3-9). *P<0.01, **P<0.001.
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Loss of CPD decreases TNBC cell viability. NO 
increases viability and decreases apoptosis

CPD gene expression in TNBC cells was 
knocked down using siRNA (Figure 8). RT-qPCR 
analysis confirmed that CPD levels in siCPD-
transfected MDA-MB-231 and MDA-MB-468 
cells decreased on Days 2, 3 and 4, as com-
pared to cells transfected with non-targeting 
siRNAs or untransfected controls (Figure 8A). 
In MDA-MB-231 and MDA-MB-468 cells, loss of 
CPD significantly decreased cell viability (Figure 
8B). 

To show that NO directly contributed to cell via-
bility, cells were treated with synthetic NO 
donor DETA-NONOate. MDA-MB-231 and MDA-
MB-468 cells cultured in Arg-free medium con-
taining sub-optimal 5% charcoal-stripped FBS 
showed poor cell viability when compared to 
cells cultured in routine mediuim containing 
5%-complete FBS (Figure 8C). However, under 
this sub-optimal growth condition, MDA-
MB-231 cell viability was increased by DETA-
NONOate at concentrations of 10-100 μM, with 
25 μM giving a significant (P<0.001, n=3) 
effect. MDA-MB-468 cell viability was also sig-
nificantly increased (P<0.001) by 25 μM 
DETA-NONOate.

MDA-MB-231 cells cultured in Arg-free medium 
but given PRL (to upregulate CPD gene expres-
sion) and the CPD substrate FAR displayed a 
significant (P<0.001, n=3) decrease in the per-
centage of apoptotic cells (58.82±2.19%) when 
compared to untreated control cells (77.94± 
2.51%) (Figure 8D). Therefore, NO, generated 
by either DETA-NONOate or PRL-induced CPD, 
increased TNBC viability and decreased 
apoptosis.

Loss of CPD decreases viability and increases 
apoptosis of HER2-enriched cells

In the HER2-enriched SKBR3 cell line, siRNA-
knock down of CPD gene expression was effec-
tive for 2-6 days, as confirmed using semi-
quantitative RT-PCR (Figure 9A) and Western 
(Figure 9B) analyses. The loss of CPD decreased 
the number of viable cells over this time period, 
and this decrease was significant (P<0.05, 
P<0.01; n=4) on Days 4 and 5 (Figure 9C). 
Furthermore, FACS analysis showed that loss of 
CPD significantly increased both early-stage 
and late-stage apoptosis (P<0.01 and P<0.05, 

respectively; n=4), as compared to siNT and 
untransfected controls (Figure 9D).

Loss of EDD decreases PRL/R1881-induced 
phosphorylation of 4EBP1 and release of 4E

Recently, we reported that loss of EDD arrested 
MCF-7 cells in the G2-phase of the cell cycle, 
decreased cell viability, and increased apopto-
sis [24]. Loss of EDD also decreased PRL-
induced phosphorylation of 4EBP1 and the 
release of eIF4E, measured using Western and 
CAP-binding assays, respectively [24]. In the 
present study, we compared the effect of EDD 
loss on hormone-induced phosphorylation of 
4EBP1 in positive control MCF-7 cells with that 
in MDA-MB-231 cells (Figure 10). As before, in 
quiescent MCF-7 cells, the doublet α- and 
β-bands of 4EBP1 were detected by Western 
analysis, with the lower molecular weight 
α-band representing hypo-phosphorylated 
4EBP1 (Figure 10B, lane 1). We showed for the 
first time that in addition to PRL [24], the acute 
treatment of MCF-7 cells for 1 h with R1881 
stimulated hyper-phosphorylation of 4EBP1 
with the appearance of a higher molecular 
weight γ-band (Figure 10B, lane 2). The a, β, 
γ-bands were also detected in MCF-7 cells 
transfected with non-targeting siRNA (Figure 
10B, lane 3) but following siRNA-knockdown of 
EDD, the γ-band disappeared (Figure 10B, lane 
4). The intensities of these bands were ana-
lyzed by densitometry (Figure 10B, right panel). 
Phosphorylation of 4EBP1 releases eIF4E, 
which binds to the 5’-CAP of mRNAs to initiate 
translation [58]. Consistent with this, CAP-
binding assays showed that levels of the 
released eIF4E increased in R1881-stimulated 
MCF-7 cells (Figure 10C, lanes 2 and 3) but 
decreased in siEDD-transfected cells (Figure 
10C, lane 4). As expected, β-actin was not 
recovered from the CAP-binding assay.

In MDA-MB-231 cells, PRL also induced phos-
phorylation of 4EBP1 with the appearance of 
heavy α-, β- and γ-bands (Figure 10D, lanes 2 
and 3) as compared to quiescent cells (Figure 
10D, lane 1). Loss of EDD caused the disap-
pearance of the γ-band (Figure 10D, lane 4), 
and reduced the release of eIF4E (Figure 10E, 
lane 4), as compared to PRL-treated control 
cells (lanes 2 and 3). 

In MDA-MB-231 cells, the stimulatory effect of 
R1881 on 4EBP1 phosphorylation was again 
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Figure 8. Loss of CPD decreases TNBC cell viability. NO increases viability and decreases apoptosis. A, B. TNBC 
MDA-MB-231 and MDA-MB-468 cells were transfected with two sets of siRNA targeting CPD (siCPD1, siCPD2) or two 
sets of non-targeting siRNA (siNT1, siNT2) or left untransfected (Con). The day of transfection was designated Day 
0. RNA was collected on Days 2, 3 and 4. A. RT-qPCR was used to measure CPD and β-actin mRNA expression. B. 
Cell viability was assessed by trypan blue cell counting. Data was normalized to the untransfected controls. Mean ± 
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detected with the appearance of darker α-, β- 
and γ-bands (Figure 10F, lanes 2 and 3), as 
compared to quiescent cells (Figure 10F, lane 
1). Loss of EDD decreased the intensities of 
these bands (Figure 10F, lane 4), and reduced 
the release of eIF4E (Figure 10G, lane 4), as 
compared to R1881-treated control cells (lanes 
2 and 3).

Discussion

As described in the Introduction, we have iden-
tified two unrelated, novel PRL-responsive 
genes, encoding CPD and EDD, that are also 
upregulated by androgens. We showed that 
PRL/androgen-inducible CPD and EDD are 
associated with the pro-survival CPD-Arg-NO 
and EDD-TORC1 pathways in luminal-A breast 
cancer cells [18-24]. The PRL/androgen-induc-
ible CPD-Arg-NO pathway is also active in pros-
tate cancer cells [37, 38, 59]. The TNBC and 
HER2+ subtypes have limited treatment 
options and the present study investigated 
whether these aggressive BCa subtypes could 
respond to PRL and/or androgens for better 
cell survival. Indeed, our present study showed 
that both the CPD-Arg-NO and EDD-TORC1 
pathways are also active and support the sur-
vival of TNBC and HER2+ tumor cells. Kaplan-
Meier plot analyses revealed that high CPD or 
high EDD mRNA expression in TNBC patients 
correlated with a poorer relapse-free survival 
rate than low mRNA expression (Figure 1), pro-
viding impetus for further studies. Subsequent 
IHC analysis of tissues from 52 BCa patients 
revealed elevated immunostaining for CPD 
(Figure 4) and EDD (Figure 5) in high-grade 
TNBC and HER2+ specimens. The co-localiza-
tion of CPD and nitrotyrosine immunostaining 
(Figure 4) support a role for CPD in NO produc-
tion in these tumors. The present findings also 
expand on our previous reports that showed a 
progressive increase in CPD and EDD immu-
nostainings from low levels in benign breast 
specimens to high levels in ductal carcinoma in 
situ, low-grade, and high-grade BCa [21, 24]. 

In support of hormonal regulation of CPD and 
EDD within tumors, IHC analysis showed immu-

nostaining of AR, PRLR or phospho-Stat5 in 
TNBC and HER2+ tumors. AR immunostaining 
was equally abundant in benign, high-grade, 
TNBC and HER2+ specimens (Figure 2). Phos- 
pho-Stat5 staining was abundant in benign and 
malignant breast tissues, but significantly high-
er in HER2+ tumors (Figure 3). Without the 
more sensitive anti-PRLR antibody H-300, 
phospho-Stat5 gave an indication of PRLR 
activity (Figure 3), which signals primarily 
through Jak2/Stat5 in mammary cells [60]. 
Similarly, others have reported that TNBC 
expresses the PRLR, albeit at a lower frequency 
(29%) than luminal-A (84%), luminal-B (78%), 
and HER2+ (68%) subtypes [17].

In contrast to our detection of PRLR and phos-
pho-Stat5 in aggressive high-grade BCa, others 
using tissue microarrays (TMA) have shown 
that PRLR immunostaining, although detect-
able in normal breast tissues, was low or unde-
tectable in BCa and, furthermore, the expres-
sion of PRL, PRLR, and Stat5 were favorable 
prognostic markers that correlated with better 
survival outcomes in BCa patients [45, 56, 57]. 
In comparing TMA and IHC analyses, we have 
noted that PRLR and phospho-Stat5 staining 
levels were highly variable within individual 
samples, and among samples. For this reason, 
examination of large ≥ 50 mm2 FFPE tissue 
samples in our study may yield different overall 
results from analysis of 1 mm2 tissue cores in 
TMAs. In addition, differences in embedding 
and fixation methods used in the two studies 
may affect staining results. It has been noted 
that even very low levels of PRLR expression 
were sufficient to mediate PRL responsiveness 
in BCa cell lines [61]. In vitro studies have con-
sistently shown conflicting results regarding the 
impact of Stat5 on cell differentiation, survival 
and proliferation, that were attributed to cell-
line-specificity [62]. For example, elevated 
Stat5 increased differentiation in T47D, MDA-
MB-468 and BT-20 cells, and inhibited motility 
in T47D and MCF-7 cells but, on the other hand, 
increased survival of T47D, MCF-7 and SKBR3 
cells, and increased tamoxifen resistance in 
T47D cells. It is not known how Stat5 activation 
differs in normal versus malignant mammary 

SEM of at least 3 independent experiments. **P<0.01, ***P<0.001, compared to siNT1-transfected cells. C. MDA-
MB-231 and MDA-MB-468 cells, cultured in Arg-free medium containing 5% heat-inactivated, charcoal-stripped FBS 
for 24 h, were treated with increasing concentrations of DETA-NONOate. Cell viability was assessed by trypan blue 
cell counting after 3 days. Mean ± SEM (n=4). ***P<0.001 compared to control. D. MDA-MB-231 cells, in Arg-free 
medium plus 5% heat-inactivated, charcoal-stripped FBS for 48 h were treated ± PRL and ± FAR, then stained with 
Annexin V/PI for flow cytometry (see Materials and Methods). Cells undergoing apoptosis (both early and late) were 
plotted. Mean ± SEM (n=3). ***P<0.001.
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Figure 9. Loss of CPD decreases viability and increases apoptosis of HER2-enriched cells. SKBR3 cells were trans-
fected with siRNA targeting CPD (siCPD1 or siCPD2), non-targeting siRNA (siNT1) or left untransfected (Con). The 
cells were harvested on the days indicated to confirm CPD gene knockdown using (A) semi-quantitative RT-PCR or 
(B) Western analysis, with the CPD/b-actin ratio indicated in each case. (C) On days 2-6 post-transfection, live cells 
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cells, and between different BCa cell types, to 
affect cellular differentiation, lineage specifica-
tion, proliferation and survival of these mam-
mary cell types [62]. Nonetheless, since CPD 
and EDD gene expressions are upregulated by 
androgens and PRL in vitro [18-21], the high 
CPD and EDD immunostaining within TNBC and 
HER2+ tumors that also express AR and PRLR/
Stat5 (Figures 2-5) indicate that these two pro-
survival genes can be activated by androgens 
and PRL in vivo.

The abundance of AR and PRLR in TNBC and 
HER2+ tumors in vivo compelled our further 
study of PRL/androgen-inducible CPD and EDD 
survival pathways in TNBC and HER2+ cell lines 
in vitro (Figures 6-10). PRL or R1881 treatment 
for 3-6 h upregulated pro-survival CPD and 
EDD protein levels in TNBC (MDA-MB-231 and 
MDA-MB-468) and HER2-enriched (SKBR3) cell 
lines (Figure 6). PRL/androgen-inducible CPD 
promoted TNBC and SKBR3 cell survival via the 
CPD-Arg-NO pathway (Figures 7-9) while PRL/
androgen-inducible EDD activated the TORC1 
pathway in TNBC cells (Figure 10). 

In contrast to the current results, microarray 
analysis of a murine mammary epithelial stem-
like cell line (HC11) showed that PRL treatment 
for 24 h modulated (either up or down) by ≥ 
2-fold a total of 49 genes to give a gene signa-
ture that was significantly associated with a 
tumor differentiation program [63]. Further- 
more, PRL was shown to exert anti-tumorigenic 
effects in HER2-overexpressing BCa cells [64]. 
Specifically, treatment of HER2+ cells, such as 
SKBR3, with PRL for 48-72 h decreased cell 
viability by 20%, induced cell cycle arrest, and 
reduced tumorsphere formation over 7 days. 
PRL also reduced gene expression of markers 
involved in stemness, tumor initiation, and drug 
resistance, and impeded tumor growth of 
HER-2 xenografts [64]. In our study, MDA-
MB-231, MDA-MB-468 and SkBR3 cells were 
treated with PRL for a shorter duration (3-6 h vs 
24-72 h) and were made quiescent in phenol-

red free DMEM containing 1% charcoal-stripped 
FBS for 24 h to maximally reduce growth stimu-
lation. In the other study [64], cells were incu-
bated for 24 h in DMEM containing 2% com-
plete FBS, possibly leading to different 
baselines for SKBR3 cell viability. 

In TNBC and HER2-enriched cells, CPD-
mediated NO production was abrogated by 
combined treatment with PRLR and AR antago-
nists (Figure 7), implicating the PRLR and AR 
signaling cascades in the activation of the CPD-
Arg-NO pathway. Loss of CPD in MDA-MB-231 
(Figure 8) and SKBR3 (Figure 9) cells signifi-
cantly decreased cell viability and increased 
apoptosis (Figure 9). When TNBC cells in Arg-
free medium were treated with NO donor DETA-
NONOate (25 µM) and CPD substrate FAR, cell 
apoptosis decreased (Figure 8), showing a 
direct effect of NO and CPD-generated NO, 
respectively. We calculated DETA-NONOate at 
25 µM to produce a moderate concentration of 
155 nM NO to produce a moderate concentra-
tion of 155 nM NO [65]. This is consistent with 
NO, at low (<100 nM) and moderate (100-500 
nM) concentrations, enhancing tumor progres-
sion by promoting angiogenesis, cell prolifera-
tion, invasiveness, metastasis and/or cytopro-
tection, and repressing apoptosis. At high 
concentrations (>500 nM), NO promotes DNA 
damage, oxidative stress, cytotoxicity and 
apoptosis [66]. 

PRL/androgen-inducible EDD is another pro-
survival gene. Loss of EDD in MCF-7 cells 
increased protein levels of modulator of apop-
tosis protein 1 (MOAP-1), Bax and Bim, thereby 
triggering the intrinsic mitochondrial apoptotic 
cascade [24]. PRL also activates TORC1 signal-
ing in MCF-7 cells, and loss of EDD decreased 
PRL-induced hyper-phosphorylation of 4EBP1, 
and 4EBP1’s release of 4E [24]. Our present 
study showed that PRL and R1881 also acti-
vated TORC1 signaling in TNBC MDA-MB-231 
cells, with the rapid appearance of the hyper-
phosphorylated γ-band of 4EBP1 within 1 h, 

were counted with trypan blue (left panel), and cell counts on days 4 and 5 were replotted to clearly show statistical 
significance (right panel). Mean ± SEM (n=4). *P<0.05, **P<0.01. (D) SKBR3 cells were transfected with CPD-
targeting siCPD2 or non-targeting siNT1 or left untransfected (Con). On Day 5 post-transfection, cells were trypsin-
ized, and stained with Annexin V/PI for flow cytometry. (Upper panel) Representative Annexin V/PI analysis of one 
sample set showing early apoptosis (bottom right quadrant) and late apoptosis (top right quadrant). (Lower panel) 
Graphs showing the % of cells in early and late apoptosis, normalized to untransfected cells. Mean ± SEM (n=4), 
*P<0.05, **P<0.01.
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and the increased release of 4E, but these 
effects were inhibited following the loss of EDD 
(Figure 10). EDD overexpression and gene 
amplification have been linked to platinum 
resistance in serous ovarian carcinoma [67], 
and EDD targeting, in combination with chemo-
therapy, could be beneficial for this cancer [68]. 
Likewise, we have shown that ectopic overex-
pression of EDD in a low-EDD expressing TNBC 
cell line, MDA-MB-436, promoted cell resis-
tance to chemotherapeutic agents cisplatin 
and doxorubin, and to TORC1 inhibitor rapamy-
cin and TORC1/TORC2 inhibitor INK128 [24], 
suggesting that EDD targeting may also be ben-
eficial for the TNBC-subtype. Others have 
shown that TNBC LAR cells may benefit from 
treatment with AR antagonists [11, 53, 54]. 
PRLR blockade may also confer benefits to 
patients undergoing chemotherapy [69, 70], 
and inhibition of TORC1 signaling prevents 
resistance to chemotherapeutic agents, by 
intercepting crosstalk between the ER and 
PRLR [71]. 

In summary, our study supports the CPD-Arg-
NO pathway and EDD as therapeutic targets in 
BCa. Since CPD and EDD are PRL- and andro-
gen-inducible genes, PRLR and AR blockade 
can be beneficial to patients with aggressive 
BCa, including the TNBC and HER2+-subtypes 
that express these receptors.
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